Formation of C-HÁ Á ÁH-B dihydrogen bonded borane-trimethylamine dimer was investigated using ab initio and DFT-B3LYP methods using several basis sets. The HÁ Á ÁH contact distance of less than 2.4 Å was used as a criterion to infer the formation of dihydrogen bonds. MP2 was the only method, which consistently predicted the formation of the C-HÁ Á ÁH-B dihydrogen bonded dimer, with the stabilization energy in around 20 kJ mol À1 . Further, molecular electrostatic potential derived charges as well as charges from the natural population analysis and AIM analysis support the formation of the dihydrogen bonding between oppositely charged hydrogen atoms.
Introduction
Dihydrogen bonding is an interaction, analogous to hydrogen bonding, between two oppositely charged hydrogen atoms and is generically represented as E-H(dÀ)Á Á Á(d+) H-X, wherein E and X are atoms which are less and more electronegative than hydrogen, respectively [1, 2] . Boraneamines are an important class of compounds which exhibit dihydrogen bonding, and borane-ammonia (BH 3 -NH 3 ) to this end has played a very crucial role in understanding dihydrogen bonding [3] [4] [5] [6] . Furthermore, several groups have theoretically investigated dihydrogen bonded complexes of BH 3 -NH 3 with molecules containing acidic hydrogens [7] [8] [9] . On the other hand, Patwari et al. [10] [11] [12] [13] [14] investigated, experimentally in the gas phase, the formation of dihydrogen bonded complexes between borane-amines and molecules containing acidic hydrogens, such as phenol, aniline, and 2-pyridone. With examples from gas phase, condensed phase, and those theoretically investigated, the formation of O/N-HÁ Á ÁH-B dihydrogen bonds is now well established.
The ability of C-H bonds to form hydrogen bonds has been fairly well recognized, albeit weaker than those involving O-H and N-H groups [15] . This information can be extrapolated to infer the formation of C-HÁ Á ÁH-B dihydrogen bonds. Acetylene has been the one of the most preferred molecule to investigate dihydrogen bonding involving C-H groups. Grabowski et al. [16] have reported the formation of dihydrogen bonded complexes between acetylene and several hydrides, such as LiH, BeH 2 , and HBeF, while the authors have investigated C-HÁ Á ÁH-B dihydrogen bonded complexes of acetylene and substituted acetylenes with borane-trimethylamine [17] . Reports on dihydrogen bonded systems involving C-H are extremely sparse [16] [17] [18] and dihydrogen bonds involving methyl C-Hs are conspicuously absent. This provides the motivation to investigate the C-HÁ Á ÁH-B dihydrogen bonded systems involving methyl groups.
Theoretical calculations have shown that the boraneammonia dimer [BH 3 -NH 3 ] 2 forms two identical dihydrogen bonds between amine proton and borane hydride of the type N-HÁ Á ÁH-B, when two BH 3 -NH 3 molecules are aligned head-tail in an anti-parallel fashion [6] . The calculated interaction energy for the dimer is as large as 47 kJ mol À1 , corresponding to 23.5 kJ mol À1 for each dihydrogen bond, comparable to moderately strong hydrogen bonds. Extending the analogy, C-HÁ Á ÁH-B dihydrogen bonded dimer can be anticipated by substituting hydrogens on the ammonia moiety of BH 3 -NH 3 with methyl groups. Progressive methyl substitution on ammonia moiety will lead to the methyl, dimethyl, and trimethyl borane-amines. Borane-trimethylamine, BTMA, with all the three hydrogens replaced with methyl groups, is expected to form C-HÁ Á ÁH-B dihydrogen bonded dimer, exclusively, involving methyl C-Hs. In this Letter, we report the formation of C-HÁ Á ÁH-B dihydrogen bonded borane-trimethylamine dimer, investigated using ab initio and DFT methods.
Methodology
Theoretical methods employed in this report are RHF, DFT-B3LYP, and MP2, using 6-31+G(d,p), 6-31++G(d,p), 6-311++G(d,p), and aug-cc-pVDZ basis sets. The equilibrium structures of the monomer and the dimer were calculated and the nature of the stationary point obtained on the potential energy surfaces was confirmed by calculating the vibrational frequency at the same level of theory. The interaction energy for the complexes were corrected for the zero point vibrational energy (ZPVE) and the basis set superposition error (BSSE) using the counterpoise method. According to Kim et al. [19] 100% of BSSE correction often underestimates the interaction energy and 50% correction is a good empirical approximation. Therefore, we report the stabilization energies with 50% BSSE correction. It is well known that Mulliken charges are not always adequate to explain bonding in various situations, therefore molecular electrostatic potential (MEP) derived charges as well as charges from the natural population analysis (NPA) have also been obtained. The topological analysis of the electron density distribution was carried using the atoms in molecules (AIM) approach [20] . All calculations reported here were carried out using GAUSSIAN 98 [21] .
Results and discussion
The HÁ Á ÁH distance of less than 2.4 Å , twice the van der Waals radius of hydrogen atom (1.2 Å ), is the most widely used geometrical criterion to identify formation of dihydrogen bonds. However, due to electrostatic nature of the (di)hydrogen bonding, van der Waals cutoff criteria is strongly criticized, as electrostatic interaction acts beyond this distance [22] . Moreover, it has been reported recently that for C-H bonds, the van der Waals radius of hydrogen atom is marginally greater than 1.2 Å [23] . However, to be inline with the existing reports in the literature, we have considered 2.4 Å as the cutoff of the formation of dihydrogen bonds. Table 1 lists intermolecular HÁ Á ÁH distances obtained at various levels of theory and Fig. 1 depicts the two structures of BTMA dimer with C 2h and C 2 symmetries. In both the structures one hydrogen atom of the BH 3 group interacts with one hydrogen atom on two different methyl groups. These structures are different from those reported for the borane-ammonia dimer, in which two hydrogen atoms on the BH 3 group interact with a single proton of the NH 3 group [6] . Several attempts made to obtain a structure similar to borane-ammonia dimer were futile.
At RHF and B3LYP levels of theory, with all the basis sets, only the C 2h symmetry structure was observed with two sets of symmetrically bifurcated HÁ Á ÁH contacts. However, in all the cases the HÁ Á ÁH distances were longer than 2.4 Å with an exception of B3LYP/aug-cc-pVDZ level structure, which has HÁ Á ÁH contact distance of 2.36 Å , just below the cutoff limit. The C 2h symmetry structures obtained at B3LYP level were further optimized at MP2 level. The MP2 optimization in each case converged onto a similar structure, which however, was a first order transition state with one imaginary frequency. The transition state structure was further optimized on the IRC, which converged onto a structure with C 2 symmetry with two sets of asymmetrically bifurcated HÁ Á ÁH contacts. The C 2 structure when re-optimized at RHF and B3LYP levels converged back to the C 2h structure, indicating the presence of only one minimum at these levels. From Table 1 it is clear that only MP2 level predicts the formation of dihydrogen bonded dimer consistently. Even with a smaller basis set such as 6-31G(d) a dihydrogen bonded structure Table 1 Optimized HÁ Á ÁH distances (Å ) and stabilization energies (kJ mol À1 ) for the BTMA dimer calculated at various levels of theory was observed at MP2 level [24] . This can be attributed to energy contributions from electron correlation and dispersion in the MP2 method, relative to RHF and B3LYP methods, which can be significant for interactions involving methyl C-H groups. In the case of C 2 structures obtained at MP2 level, only one of the two asymmetric HÁ Á ÁH contacts is less than 2.4 Å , while the other one is marginally greater than 2.4 Å . On the other hand both the HÁ Á ÁH contacts are below the cutoff limit for the MP2/aug-cc-pVDZ structure. The stabilization energies corrected for ZPVE and 50% BSSE, calculated at various levels of theory are also listed in Table 1 . From the structure and energetics it is clear that the symmetric C 2h structure is a transition state connecting two equivalent C 2 minima. It is also apparent from Table 1 that the maximum stabilization energy of 27.7 kJ mol À1 is obtained at MP2/ aug-cc-pVDZ level, corresponding to the shortest HÁ Á ÁH contacts. At the same level of calculation the transition state structure is unstable by only about 2 kJ mol À1 . From the structures and the stabilization energies (Table 1) , it appears that calculations using aug-cc-pVDZ basis set overestimate the dihydrogen bonded interaction.
In order to understand the nature of HÁ Á ÁH interaction in various complexes, we carried out charge analysis using molecular electrostatic potential (MEP) method as well as the natural population analysis (NPA) scheme for the C 2 structure, obtained at MP2/6-311++G(d,p) and MP2/augcc-pVDZ levels and the results are presented in Table 2 . The charge analysis clearly shows that the negatively charged B-H hydrogen is interacting with the positively charged methyl C-Hs, thus forming dihydrogen bonds. Topological parameters derived from AIM theory were further used to analyze the formation of dihydrogen bonds. In the present case the critical points of electron density distribution were obtained, characterized by the rank and trace of the Hessian matrix. A (3, À1) bond critical point (BCP) with positive Laplacian for the electron density distribution at the bond critical point indicates the non-covalent interaction. However, in the case of very strong hydrogen and dihydrogen bonds, which are often partly covalent in nature, the Laplacian of electron density at the BCPs can be negative [25] . Table 3 lists the electron density and their Laplacian for the BTMA dimer calculated at MP2/6-311++G(d,p) and MP2/aug-cc-pVDZ levels of theory. The observed BCPs were (3, À1) type for both the structures. For the C 2 dimer, both the electron density and the Laplacian at the BCPÕs of the shorter HÁ Á ÁH contacts fall in the acceptable optimal range of 0.002-0.04 and 0.02-0.15 a.u., respectively [26] . However, it was surprising to note that in the case of C 2 dimer obtained at MP2/aug-cc-pVDZ level, even though both the HÁ Á ÁH contact distances are less than 2.4 Å , both the electron density and the Laplacian at the BCP of only the shorter HÁ Á ÁH contact are in the range acceptable for dihydrogen bonds. This unexpected deviation for the longer HÁ Á ÁH contact is similar that reported for the borane-ammonia dimer [6] . In the case of C 2h structure the electron density and its Laplacian at the BCPs are in good agreement with the HÁ Á ÁH contact distances. To get further insights into the nature of interaction, electronic energy density H c , and its components, the local one electron kinetic energy density (G c ), and the local potential energy density (V c ), for the charge distribution at the HÁ Á ÁH BCP were calculated. According to Rozas et al. [27] weak hydrogen bonds have positive values for both Laplacian and H c . From Table 3 it can be seen that for all HÁ Á ÁH contacts both Laplacian and H c have positive values thereby confirming the formation of C-HÁ Á ÁH-B dihydrogen bonded in BTMA dimer.
Conclusion
In summary, the borane-trimethylamine forms a dihydrogen bonded dimer, when two molecules are aligned head-tail in an anti-parallel fashion, similar to boraneammonia. MP2 method consistently predicts the formation of dihydrogen bonds with HÁ Á ÁH contact distances less than 2.4 Å and stabilization energies around 20 kJ mol À1 . On the other hand, both RHF and B3LYP methods though predict formation of a bound dimer, the HÁ Á ÁH contacts are longer than 2.4 Å . This implies that electron correlation and dispersion energy have substantial contribution to the overall stability of the complexes. The molecular electrostatic potential derived charges, natural population, and atoms in molecules analysis support the formation of C-HÁ Á ÁH-B dihydrogen bonds. To the best of out knowledge this is an early example of dihydrogen bonded system involving methyl C-Hs. 
